A method for clenbuterol determination in hair has been developed. Hair specimens collected from two calves were decontaminated using hot water followed by methylene chloride. Hair was cut into small pieces, and 100 mg was incubated in 1 mL 0.1M hydrochloric acid overnight at 45~ in the presence of 1 ng acebutolol used as internal standard. After neutralization with 1 mL 0.1M NaOH, 2 mL of bicarbonate buffer (pH 8.6) were added and the preparation was then purified using solid-phase extraction with an Isolute C18 column. Methanolic eluent was evaporated to dryness and the residue was reconstituted with 50 pL methanol. A 5-pL portion was injected onto an ACQUITY TM UPLC BEH C18 column (2.1 x 50 ram, 1.7 pm) and separation was achieved using a gradient of acetonitrile and formate buffer delivered at a flow rate of 0.6 mL/min. Detection was done on a Waters | Micromass | Quattro Micro TM API triple-quadrupole mass spectrometer. Ionization was achieved using electrospray in positive mode. Clenbuterol was used for the determination of ~-adrenergics, the major advantages of this method were the sensitivity, a shorter run time, and the absence of a derivatization step. The analysis of two hair samples from calves suspected of drug administration showed low clenbuterol concentrations at 3.6 and 4.8 pg/mg.
Introduction
Clenbuterol belongs to the 13-adrenergic agonists, which are used for their therapeutic properties, essentially to treat human asthma (1-7). Clenbuterol was used in the veterinary field for its bronchodilator and tocolytic properties (1-10), but it is now prohibited in Europe. At higher dosages, clenbuterol has anabolic properties and various diverted uses were reported (1-11). In humans, clenbuterol increases athletic performance, and it was consequently banned by the Internationnal Olympic Committee in 2000 (1,2,6,9,10). Clenbuterol also significantly helps in developing muscle mass growth. Several positive cases were reported from bodybuilders' hair analysis (6 positive cases out of 7) (1). Properties of [3-adrenergics, especially clenbuterol, are the same for both animals and humans. Therefore, applications are similar; for example, performance improvement can be sought by a human athlete, but also for a racehorse. Muscle mass growth works just as well for bodybuilders as for growth-promoting aims in bovine breeding for human consumption. These situations are illegal because these agents are listed in the prohibited classes of substances (salbutamol and terbutylamine are only permitted for inhalers and must be declared prior to a competition). Moreover, several cases of human intoxications following consumption of clenbuterol-treated animals have been published since the 1990s (12) (13) (14) (15) (16) (17) (18) (19) (20) .
Unlike urine, which is routinely used to reveal such misuse, hair provides a window of detection beyond comparison. Indeed, a xenobiotic present in urine over 48 to 96 h is detectable in hair over months (21, 22) . Thereby, hair represents the specimen of choice to document a long-term consumption, whereas urine analysis is not able to distinguish between single and chronic exposure, and most importantly in this case, urine analysis can lead to a negative result if the administration is stopped a few days before sample collection.
Many procedures for [3-adrenergics testing in hair are reported in the literature, mainly for bovine and calves, but also for humans. In most papers, analysis was performed with gas chromatography (GC) [coupled to mass spectrometry (MS) (1,2,4,5,7,9,10,23) or high-resolution MS (3, 11) ], requiring a preliminary derivatization of molecules. Overriding this derivatization step, using liquid chromatography (LC) is advantageous for saving reagent and time. The use of ultra-performance liquid chromatography (UPLC) enables very fast method development, provides shorter run times, and increases sensitivity as chromatographic resolutions are better than those obtained by classic high-performance liquid chromatography (HPLC).
Materials and Methods

Specimen
Hair samples were obtained within the framework of a forensic case entrusted to our laboratory. A cattle breeder was suspected of administering a growth substance to his animals. Bulk hairs were collected by a mandated veterinarian in compliance with the police inquiry. Hair samples were cut from under the animals' bellies. Clenbuterol-free hair samples were obtained from laboratory personnel. They were used as both calibrators and negative controls.
Chemicals and reagents
HPLC-grade acetonitrile, sodium hydroxyde (NaOH) for analysis, and sodium hydrogen carbonate (NaHC03) for analysis were purchased from Merck (Darmstadt, Germany). HPLCgrade methanol, methylene chloride (> 99.95%), and hydrochloric acid (HCI) (37%) were provided by Carlo Erba (Val de Reuil, France). Clenbuteml hydrochloride and acebutolol hydrochloride were obtained from Sigma (Saint-Quentin Fallavier, France). Isolute C18 columns were purchased from Interchim (Montlur France). Ultra pure water was produced from a Millipore Direct-Q 3 system.
Sample extraction (Solid-phase extraction)
An extraction method using diphasic dialysis published by Fente et al. (23) seemed very interesting, but the solid-phase extraction (SPE) method published by Kintz et al. (1,2) was easier to carry out with our available facilities. First of all, the dirt was removed from the whole quantity of each calf hair sample by successive baths in hot water. Then, in order to remove organic compounds and fatty substances from the hair surface, an approximately 100 mg strand of hair was immersed in 5 mL methylene chloride for 2 rain. After drying the strand of hair with some absorbent paper, methylene chloride decontamination was performed a second time. The whole length of the hairs (approximately 4 to 5 cm) was used for the analysis and cut into small pieces shorter than 1 mm with scissors.
Hair (100 rag) was incubated overnight at 45~ in 1 mL 0.1M HCl in the presence of 1 ng acebutolol, which was used as an internal standard. After cooling, the mixture was neutralized with 1 mL 0.1M NaOH. Then, 2 mL of 0.2M bicarbonate buffer (pH 8.6) was added.
The Isolute C18 columns were conditioned initially by 3 mL of methanol and then by 2 mL bicarbonate buffer/ methanol (90:10, v/v). After sample addition and withdrawal through extraction columns, the stationary phase was washed twice with 1 mL of purified water. After column drying, analyte elution was performed by the addition of three 0.50-mL aliquots of methanol.
The extract was evaporated to dryness under a vacuum rotary evaporator and was then reconstituted in 50 pL methanol.
Chromatographic conditions
Reconstituted extract (5 zaL) was injected in partial loop with the pressure assist mode onto an ACQUITY UPLC BEH C18 column (2.1 x 50 ram, 1.7 lJm). Column temperature was fixed at 30~ Elution was achieved using a gradient delivered at a flow rate of 0.6 mL/min (Initial gradient conditions were 5% acetonitrile/95% 2mM formate buffer adjusted to pH 3.0 with 0.1% formic acid to a ratio 20:80% at 1.5 rain. The acetonitrile/formate buffer (20:80) was held during 0.2 min and initial gradient conditions were reached from 1.7 to 2.2 rain. Equilibration time was 0.3 rain. Total run time was 2.5 rain). The highest system pressure recorded during a run was about 9000 psi.
Detection conditions
Detection was carried out by a Waters-Micromass Quattro Micro API triple-quadrupole MS fitted with an electrospray ionization (ESI) probe. The following parameters were found to be optimal: capillary voltage, 500 V; ion source temperature, 150~ and desolvation gas temperature, 500~ at a flow rate of 1000 L/h. Detection was carried out in multiple reaction monitoring (MRM) mode. First, the cone voltage and parameters previously described were adjusted to obtain the most important signal for a protonated molecular ion. Then collision-induced dissociation parameters were optimized to record a maximum signal for several of the most abundant daughter ions (Table I) . Argon was used as the collision gas, and its pressure was regulated to 4 mBar.
First of all, the retention time of each molecule was identified by registering a chromatographic signal for all compound transitions at the same retention time. The two transitions giving the best signal-to-noise ratio for each compound were later used for the analysis method.
In order to obtain a maximum of sensitivity, acquisition dwell times were set to a maximum allowing to acquire enough data (i.e., from 7 to 10 points) by chromatographic peak. Under UPLC conditions, peak widths were very small (2.5 s with these conditions), and as a consequence, the number of transitions that could be monitored simultaneously with a very good sensitivity was less than with classical LC conditions. It was thus decided to monitor only three transitions (m/z 337.3 > 116.1 for internal standard, ra/z 277.1 > 203.2 for clenbuterol quantitation, and m/z 277.1 > 132.1 in order to get a second transition for clenbuterol identification). This allowed us to set a dwell time at 100 ms instead of 75 ms and to obtain higher areas, intensities, and signal-to-noise ratios. It is important to notice that, although the clenbuterol molecular mass is 277 g/tool, its monoisotopic mass is 276 Da. That is why clenbuterol parent ion, recorded by ESI-MS in positive mode, has a mass-to-charge ratio equal to 277 Da. 
Method validation
As background total ion chromatogram noise is similar for calf and human hair, human hair was used for method validation. A standard calibration curve was prepared by spiking blank hair with clenbuterol at the final concentrations of 1, 2, 5, 10, and 20 pg/mg. Two concentration levels at 2 and 10 pg/mg were tested for within-batch precision (n = 8 for each level). Interday precision was estimated by comparing spiked hair at 5 pg/mg extracted and injected at different days (n = 6).
The detection limit was evaluated by decreasing concentrations of clenbuterol until a peak-to-peak signal-to-noise ratio of 3 was reached. The quantification limit was estimated by considering that it was a concentration five times higher than the limit of detection (LOD). The extraction yield was determined by the following procedure: five blank hair samples and five spiked ones with 500 pg clenbuterol were extracted, and ten tubes were spiked with 1 ng acebutolol as the internal standard. After the elution and just before evaporating extracts, 500 pg clenbuterol were added to each blank hair sample. Tubes were then evaporated to dryness and reconstituted by 50 pL methanol before injection. Therefore, the extraction yield was determined by comparing results for hair spiked before extraction and others spiked just after. Ion suppression was evaluated by infusing clenbuterol at 1 mg/L and evaluating the deviation in signal response at its retention time when blank (human) hair (n = 6) was injected at the same time.
Results and Discussion
Validation
Linearity was observed for clenbuterol concentrations ranging from I to 20 pg/mg with a correlation coefficient of 0.997. Withinbatch precisions at 2 and 10 pg/mg were 7.4% and 4.0%, respectively. Interday precision was found to be 7.0%. The extraction yield at 5 pg/mg was 62%. The LOD was 0.1 pg/mg and limit of quantitation was 0.5 pg/mg. Ion suppression for clenbuterol at its retention time (0.85 rain) has been estimated to be insignificant.
[3-Adrenergics give a particularly good signal response compared to other classes of substance routinely analyzed with this system. As a consequence, for the same quantities infused, mass detector peaks are from 5 to 10 times taller for these compounds than for others. This explains how this interesting sensitivity was obtained (Figure 1 ). The LOD of clenbuterol in hair published in the literature for GC-MS were from 2 to 16 pg/mg (1,2,4,7,23), but Gleixner et al. reported an LOD at 0.3 pg/mg (5). GC-high resolution mass spectrometry gave LODs at 0.8 (3) and 0.2 pg/mg (11) . Limits reached by our method are thus appropriate for this application and enable a comfortable detection of low concentrations.
Detection in hair
Both calf samples were found to contain clenbuterol at 3.6 and 4.8 pg/mg in hair (Figure 2 ). These concentrations are relatively low when compared to those found in literature. Gaillard et al. tested different calves doped with clenbuterol and found concentrations from 16 to 4372 pg/mg (4). Concentrations from 32.6 to 43 pg/mg were found in hair from rats treated with high doses (100 lJg/kg), and 2 to 7 pg/mg were detected with a low dose treatment (10 IJg/kg) (10) . A similar study with guinea pigs reports concentrations from 5 to 27 pg/mg and 131 to 402 pg/mg also for doses at two levels, 15 and 120 lJg/kg, respectively (9) . Finally, a suspected bovine growth promoting case by I~-adrenergics administration studied by McGrath et al. (6) showed clenbuterol in hair at a concentration of 8.3 pg/mg. Nevertheless, it was expressed by Machnik et al. that the clenbuterol amount quantified in hair decreased over time. Indeed, late sample collection after last administration can also lead to a tampered sample with time (3). Furthermore, clenbuterol concentrations in hair strongly depend on hair color (5,7). The hair color was white (4.8 pg/mg) and light brown (3.6 pg/mg) and xenobiotics incorporation varied with hair color (24) . Finally, the whole length of hair was analyzed, though the duration of treatment was of course unknown, and clenbuterol might be diluted by a possible negative part of the sample. Thus, low concentration may be due to a low dose administration, but various other hypotheses, which were previously explained, can also document these results. In any case, it cannot be a veterinary treatment as clenbuterol use in Europe is totally forbidden. As a consequence, this result led us to conclude that there was obviously fraudulent use of a prohibited substance.
Conclusions
An original, simple, and sensitive method for clenbuterol determination by UPLC-MS-MS that does not require a derivatization step was successfully developed. This appears as the first report for clenbuterol detection in hair by UPLC-MS-MS. This analysis showed an obvious fraudulent use of the prohibited substance clenbuterol.
The low concentrations observed in this case should not be detected several years before regarding to LODs reported in the literature (4, 7, 23) . This observation pointed out that laboratoties need increasingly more sensitive instrumentation in order to detect concentrations at lower levels.
Finally, hair analysis demonstrates again its usefulness for drug exposure determination as it enables the detection of drug administration over months. It also allows distinguishing between single and chronic exposure. One more time, hair is proved to be the choice alternative specimen.
